The autoinhibition/activation of the PMCA (plasma membrane Ca 2 + -ATPase) involves conformational changes in the membrane region of the protein that affect the amount of lipids directly associated with the transmembrane domain. The lipid-proteindependence of PMCA isoforms 2 and 4 expressed and obtained in purified form from Saccharomyces cerevisiae was investigated using the phosphatidylcholine analogue
INTRODUCTION
PMCA (plasma membrane Ca 2 + -ATPase) is a P2-type ATPase that controls intracellular Ca 2 + and the shape of the Ca 2 + signal by actively extruding Ca 2 + to the extracellular space [1] . It is a single polypeptide of approximately 135 kDa and ten transmembrane segments. Following solvation of the crystal structure of SERCA (sarcoplasmic/endoplsmic reticulum Ca 2 + -ATPase), the soluble portion of the PMCA can be divided into phosphorylation (P), nucleotide-binding (N) and action (A) domains [2] . The PMCA is an autoinhibited P-ATPase that contains regulatory elements in the A L region in the A-M3 linker and at the C-terminal region. The interaction with CaM (calmodulin) or acidic lipids, or the removal of the autoinhibitory regions, activates the PMCA [3, 4] .
In humans, there are four genes that code for PMCA isoforms 1-4, and alternative splicing of mRNA occurring in each of the two regulatory regions adds more isoform diversity. PMCA4 is widely distributed in different tissues, whereas PMCA2 shows a more restricted expression pattern with predominance in excitable cells [5] . Previous studies using isolated membranes have shown that the recombinant PMCA4 and PMCA2 also differ in its degree of autoinhibition [6] [7] [8] .
Lipids interact with membrane proteins in three different manners: (i) the annular shell of lipids bound to the protein surface which mediates between the protein and the bilayer; (ii) lipid molecules that are immersed in cavities and clefts of the protein surface that are more important in multimeric assemblies; and (iii) lipids which reside within a membrane protein or a membrane protein complex and are in unusual positions [9] .
Although the bulk of the lipid molecules in contact with an intrinsic membrane protein act as a solvent for the protein, interacting with the protein relatively non-specifically, some proteins interact with much greater specificity with a small number of lipid molecules, these lipid molecules often being essential for activity and acting like a traditional cofactor [10] . The crystal structures of SERCA show that extensive conformational changes occur during the transport cycle and are transmitted to the membrane portion of the protein where the ion is translocated [2, [11] [12] [13] [14] The structure of the solvent lipids could be important in determining the conformation of the protein and hence its activity [10] .
In previous studies, we assessed the overall exposure of a purified PMCA obtained from human erythrocytes (ePMCA) to surrounding lipids by quantifying the extent of protein labelling by the photoactivatable phosphatidylcholine analogue [15] [16] [17] [18] . This probe locates in the phospholipid milieu and, upon photolysis, reacts indiscriminately with its molecular cage [19] [20] [21] . It is thus possible to analyse directly the interaction between a membrane protein and lipids belonging to its immediate environment [22] . Moreover, we showed that the incorporation of [
125 I]TID-PC/16 is a useful tool to evaluate the conformation of PMCA by the extent of labelling of the PMCA in its major known conformational states [17, 18] . Recently, we investigated the annular lipid-protein stoichiometry in native pig kidney Na + /K + -ATPase preparation [23] . In that study, we showed that the transmembrane domain of the Na + /K + -ATPase in the E 1 state is less exposed to the lipids than in E 2 , i.e. the conformational transitions are accompanied by changes in the number of annular lipids, but not in the affinity of these lipids for the protein [23] .
In the present study, we have used the hydrophobic photolabelling method described previously [22] to study the noncovalent interactions between the membrane domain of the recombinant PMCA purified from Saccharomyces cerevisiae and surrounding phospholipids under different experimental conditions that lead to different degrees of autoinhibition. Furthermore, we compare the behaviour of expressed PMCA4 and ePMCA with that of the naturally activated PMCA2 showing a dynamic interaction of annular phospholipids and PMCA depending on the degree of autoinhibition.
EXPERIMENTAL

Reagents
All chemicals used were of analytical grade and purchased from Sigma Chemical Co. The reagents used in DNA manipulations were obtained from New England Biolabs and Qiagen.
Expression and purification of PMCA from yeast PMCA4 (human isoform 4xb) was expressed and purified from S. cerevisiae strain DBY 2062 (MATa his4-619 leu2-3,112) as described previously [24] [25] [26] . The cDNA coding for PMCA2 (rat isoform 2zb) was a gift from Dr Gary Shull (Department of Molecular Genetics, Biochemistry and Microbiology, University of Cincinnati, Cincinnati, OH, U.S.A.) and was the same as in previous studies of PMCA4 and PMCA2 [7, 8] . Yeast cells were transformed with the pMP625 vector containing a Leu + marker and the PMAI promoter and transformants were selected for their ability to grow in the absence of leucine on plates containing 6.7 % YNB (yeast nitrogen base) without amino acids, 0.67 % complete supplemented medium lacking leucine (Leu − ), 2.2 % dextrose and 1.5 % agar.
Yeast culture (4 litres) expressing the protein was grown in YNB Leu − medium at 28 • C in glass flasks with agitation and, after the culture reached an approximate D 600 of 1.5, 14 litres of complete medium was added and the incubation was continued for 6 h (to a D 600 of 4.0-5.0). Total yeast membranes were solubilized with C 12 E 10 [deca(ethylene glycol) dodecyl ether] and the PMCA was purified using CaM-affinity chromatography as described previously [27] , as modified by Filomatori and Rega [28] . Approximately 400 μg of purified PMCA was obtained from one batch of yeast.
Purification of ePMCA
ePMCA was isolated from CaM-depleted erythrocyte membranes using the CaM-affinity chromatography procedure [27] , as modified by Filomatori and Rega [28] . The protein concentration after purification was approximately 10 μg/ml. No phospholipids were added at any step in the purification procedure. The purification procedure described preserves transport activity and maintains the kinetic properties and regulatory characteristics of the enzyme in its native milieu [27, 28] .
Measurement of Ca 2 + -ATPase activity
ATPase activity was measured at 37 • C by following the release of P i from ATP as described previously [28] . The incubation medium was 120 mM KCl, 30 mM potassium Mops (pH 7.4), 3.75 mM MgCl 2 , 1 mM EGTA, 80 μM C 12 E 10 , enough CaCl 2 to give the desired final free Ca 2 + concentration and DMPC (dimyristoyl phosphatidylcholine) at the concentration indicated in each Figure. When necessary, CaM and/or PS (L-α-phosphatidyl-Lserine) were added and their concentration is indicated in each Figure. The reaction was started by the addition of ATP (final concentration 2 mM). Release of P i was estimated using the procedure of Fiske and Subbarow [29] . Measurements were performed in a Jasco V-630 Bio spectrophotometer.
Preparation of [ 125 I]TID-PC/16
sn-glycero-3-phosphocholine, tin precursor) was a gift from Dr J. Brunner (Department of Biochemistry, ETH Zurich, Zurich, Switzerland).
[ 125 I]TID-PC/16 was prepared by radioiodination of its tin precursor using the method of Weber and Brunner [21] . After the reaction was completed, the mixture was extracted with chloroform/methanol (2:1, v/v) and [
125 I]TID-PC/16 was purified by passage through a silica gel column (2.5 ml) using chloroform/methanol/water/acetic acid (65:25:4:1, by vol.) as solvent. The elution was monitored by TLC/autoradiography and the fractions containing the product were dried and stored at − 20
• C.
Labelling procedure
For labelling of PMCA, a dried film of the photoactivatable reagent was suspended in C 12 E 10 /DMPC or C 12 E 10 /PS mixed micelles containing 10 μg/ml membrane protein, 120 mM KCl, 
Radioactivity and protein determination
Electrophoresis was performed according to the Tris/Tricine SDS/PAGE method [30] . Polypeptides were stained with Coomassie Blue R, the isolated bands were excised from the gel, and the incorporation of radioactivity was measured directly on a γ -counter. The amount of protein was quantified by eluting each stained band as described previously [31] , including BSA in each gel as a standard for protein quantification. Specific incorporation was calculated as the ratio between measured radioactivity and amount of protein determined for each band.
Derivation of the lipid-protein stoichiometry from the photolabelling data
Displacement experiments were carried out as follows. A dried film of the photoactivatable reagent was suspended in C 12 E 10 micelles containing the membrane protein (10 μg/ml), to which increasing amounts of DMPC suspended in the same detergent were added. Mixtures of DMPC/C 12 E 10 were prepared by sonication for 15 min. The final C 12 E 10 concentration was 
was fitted to the experimental data (see Figure 4B ) and its graphical representation is shown by continuous lines. Each plot includes data from three or four different experiments. Parameter a represents the maximum number of PC molecules in direct contact with the protein, and parameter b is the concentration of PC required for reaching half coverage of the membrane-embedded surface of the protein.
RESULTS
Activity of recombinant PMCA4 and PMCA2 expressed in yeast
PMCA4 and PMCA2 were expressed in S. cerevisiae and purified by CaM-affinity chromatography. No exogenous lipids were added during the purification procedure. Figures 1(A) and 1(B) show the Ca 2 + -ATPase activity of the recombinant proteins reconstituted with increasing concentrations of DMPC and/or PS, assayed in the presence of 100 μM Ca 2 + . The activity increased with the concentration of phospholipids to a maximum and then decreased. Under all conditions, PMCA2 activity was higher than that of PMCA4, but this latter isoform showed a larger activating effect in the presence of acidic phospholipids.
Figures 1(C) and 1(D) show the activity of both PMCA4 and PMCA2 in the presence or absence of 100 nM CaM and at a concentration of Ca 2 + of 3 μM to enhance the effect of PS or CaM activation of PMCA. However, the Ca 2 + -ATPase activity in the absence of CaM is lower at this concentration of Ca 2 + (compare Figures 1A and 1B with Figures 1C and 1D) . Each isoform was reconstituted with the optimal phospholipid concentration as described in Figures 1(A) and 1(B) .
Activation of PMCA2 by CaM was approximately 33 %, whereas activation of PMCA4b was nearly 250 %. When PMCA4 was reconstituted in the presence of PS, activity increased nearly 10-fold; under those conditions, the enzyme is fully activated and CaM increased the activity barely 45 %. PMCA2 activity was higher than that of PMCA4 under all conditions tested; however, the presence of acidic phospholipids and CaM have a minimal activating effect, consistent with the fact that PMCA2 is a naturally activated isoform. 125 I]TID-PC/16 incorporation to purified human ePMCA (the majority isoform is PMCA4b) under the same conditions as a control. The specific incorporation of the probe was similar to that obtained for the same isoform overexpressed in yeast, suggesting that the study of the transmembrane domain structure with [
125 I]TID-PC/16 in this system is representative of the isoforms obtained from their biological sources.
In the presence of Ca 2 + and in the absence of activators, the PMCA enzymes are in the autoinhibited state E 1 I. As reported previously [17] for the purified ePMCA, under these conditions, the binding of [
125 I]TID-PC/16 was the highest. However, whereas the level of labelling of PMCA4 reached 155 + − 8 %, that of PMCA2 was 124 + − 2 %. In contrast, in the activated conformation E 1 A (E 1 A CaM ), attained in the presence of Ca 2 + and CaM, the labelling of PMCA4 and PMCA2 were reduced to 78 + − 1 % and 92 + − 1 % respectively. To determine the specific [
125 I]TID-PC/16 incorporation when the pump is activated with PS (E 1 A PS ), each isoform was reconstituted in the presence of its optimal phospholipid concentration. The specific incorporation to PMCA2 in the presence of PS was 96 + − 2 % and for PMCA4 was 82 + − 6 %. This value was not significantly different from the value obtained for ePMCA (81 + − 2 %).
These results indicate that autoinhibition in the presence of Ca 2 + and activation by Ca 2 + /CaM or Ca 2 + /PS involve a small change in phospholipid exposure in the PMCA2 isoform compared with PMCA4.
Titration of the E 1 I to E 1 A conformer shift with CaM
The dependence of the amount of bound [
125 I]TID-PC/16 to PMCA with the degree of activation of the PMCA was followed by quantifying the reduction in the labelling as a function of CaM concentration. In this case, each isoform was reconstituted in the (1) fitted to the experimental data. The best fit values for parameter a for all conditions tested are shown in Table 1 .
present of DMPC, because the CaM activation is higher under these conditions than when the pump is pre-activated by acidic phospholipids (Figures 1C and 1D) . Results in Figure 3 show that the concentration of CaM required for half-maximal reduction of the labelling was approximately 30-fold lower for PMCA2 than for PMCA4.
Lipid-protein stoichiometry
In order to determine the number of lipid molecules in direct contact with the protein (α), the displacement of the [ 125 I]TID-PC/16 probe bound to ePMCA, PMCA4 and PMCA2 by nonradiolabelled DMPC was estimated. Figure 4 shows that the α parameter increases with the concentration of DMPC along a hyperbolic function. For best clarity, we show in Figure 4 only the results obtained in the presence of Ca 2 + for PMCA2, PMCA4 and ePMCA as an example of all conditions tested and the maximum number of annular lipids determined in the same way are shown in Table 1 .
In the presence of Ca 2 + (E 1 I state), the number of DMPC molecules surrounding PMCA4 and ePMCA were similar. However, the number of annular DMPC molecules changed with the conformation of the protein, most notably from the Ca 2 + -autoinhibited state E 1 I which showed approximately 29 lipid molecules/PMCA to the activated state E 1 A obtained in the presence of CaM or PS, which show only 14 lipid molecules/PMCA. On the other hand, PMCA2 is surrounded by 23 lipid molecules in the autoinhibited state and 17 in the fully activated state E 1 A, with either CaM or PS. The amounts of DMPC needed for half-maximal labelling were similar for all conditions of PMCA4, but lower than those for PMCA2 (results not shown).
DISCUSSION
Properties of PMCA2 purified from yeasts PMCA4, the most abundant isoform in human erythrocytes, is the best known PMCA. Previous studies of the recombinant PMCA4 used isolated membranes and purified preparations of mammalian and insect PMCA-expressing cells [6] [7] [8] . Previously, we obtained PMCA4 in purified form from overexpressing yeasts [24] [25] [26] . In the present study, we show that the yeast expression system can be used successfully to obtain purified PMCA2, which is difficult to obtain from natural sources.
The specific Ca 2 + -ATPase activity of the purified recombinant PMCAs is lower than the specific activity of ePMCA. The reason for this difference is still not known, but we have suggested previously that the lipid environment of the recombinant proteins may not be optimal for the preservation of the activity when faced with the detergents used in the purification [26] . This was particularly apparent when phosphatidylcholine was used to reconstitute the recombinant proteins. On the other hand, if acidic lipids were used for reconstitution, the activity of the recombinant proteins nearly reach that of ePMCA. Thus, despite these differences, the results of the present study show that the natural ePMCA and the recombinant PMCA4 have a similar number of annular lipids. Furthermore, the changes in the surrounding lipids associated with the activation/autoinhibition seem to not be dependent on the activity of the enzyme since they are preserved even when the full cycling of the pump is inhibited by EITC-PMCA (I.C. Mangialavori, M. Dalghi and J.P.F.C. Rossi, unpublished work).
In agreement with previous studies performed using cell membranes [6] [7] [8] , we found that PMCA2 has a higher basal activity in the absence of CaM than PMCA4. Because PMCA2 was purified by CaM-affinity chromatography, no endogenous CaM should be present in the final preparation, thus the higher activity of PMCA2 cannot be due to residual CaM bound to the enzyme. Therefore our results confirm that PMCA2 is naturally less autoinhibited than PMCA4.
On the other hand, Cura et al. [26] reported that the activity of PMCA overexpressed in yeasts is restored in the presence of brain extract, a mixture rich in PS. In the present study, we used pure PS to rule out the possibility that the interaction between [
125 I]TID-PC/16 and the enzyme may be affected by the presence of other components in the brain extract. In the presence of PS, PMCA4 activity is increased 10-fold over the activity in the presence of DMPC, whereas PMCA2 activity is increased only twice. This result agrees with the fact that PMCA2 is partially activated, as observed after CaM activation as described above. 1 %) , or optimal PS concentration (96 + − 2 %), was significantly higher than that of PMCA4. Thus the active conformation of PMCA4 is less exposed to the surrounding lipids than is PMCA2. This fact also points out that differences between PMCA4 and PMCA2 still persist in the fully CaM-activated state of the proteins.
The titration of the E 1 I to E 1 A transition induced by Ca 2 + /CaM showed that PMCA2 has a higher apparent affinity for Ca 2 + /CaM. Because the binding affinity of Ca 2 + /CaM to the isolated binding site of PMCA2 is thought to be similar or higher than of the PMCA4, these results indicate that in PMCA4 either the CaM-binding domain is more occluded than in PMCA2 or that Ca 2 + /CaM dissociates faster from PMCA4 than from PMCA2. This is in agreement with previous studies by Caride et al. [32] .
Lipid-protein stoichiometry
The displacement experiments showed that the levels of [
125 I]TID-PC/16 incorporation attained under different conditions do in fact reflect different numbers of maximal DMPC molecules in contact with the membrane-embedded surface of the proteins, as indicated by the different values of the parameter a. In the absence of Ca 2 + (E 2 ), both PMCA4 and PMCA2 have similar a values, a result which suggests that, in the E 2 conformation, there is no significant difference in the lipid-covered surface, despite the different sequences among the proteins. However, a major difference was detected in the lipid-protein stoichiometry in the presence of Ca 2 + between the autoinhibited and the activated forms. Results of the present study indicate that the activation involves a reorganization of the transmembrane region with the removal of lipid molecules from the protein annulus. Although in PMCA4, activation involved the loss of approximately 15 phospholipid molecules per protein, in PMCA2, the loss was of only six. This fact probably reflects that, during transport of Ca 2 + , PMCA2 changes its conformation to a lesser extent than PMCA4, an isoform more sensitive to modulation by CaM and acidic phospholipids.
The number of lipid molecules surrounding the membranespanning domain has been deduced for several proteins from EPR spin labelling studies [33] , which quantify the association of motional restricted lipids with membrane proteins. In the present study, we have used the hydrophobic photolabelling method described previously [22] to study the non-covalent interactions between the membrane domain of the recombinant PMCA purified from S. cerevisiae and surrounding phospholipids under different experimental conditions that lead to different degrees of autoinhibition.
Considering that the average thickness of the transmembrane domain of the protein is approximately 30 Å (1 Å = 0.1 nm), the match between the lipidic domain and the protein should include tilting of the helices and rotation of side chains at the end of the helices, a fact demonstrated for SERCA by the analysis of crystals obtained at different conformations. We have calculated the accessible surface area of the SERCA transmembrane region using crystallographic data for several E 1 and E 2 conformers and found an approximately 20 % difference of exposure to annular lipids. This result agrees well with our experimental results using [
125 I]TID-PC/16 labelling [17] . Because the rate of exchange of lipid molecules between the annular shell around a membrane protein and the bulk phase is fast, the lipid-protein interaction has been described as 'a non-sticky one' [34] . In agreement with this, results of the present study show, for the first time, a dynamic interaction of annular phospholipids and PMCA under the different distinct conformations attained during the pumping cycle.
The transmembrane domain of PMCA (ten helices) can be represented by a cylinder with a diameter of 45 Å. Assuming that the lipid chains are circles 4.8 Å in diameter, we can calculate a mean of 29-30 annular lipids per molecule of PMCA4 in its loose conformation (E 1 I), a result that agrees well with the 29 phospholipid molecules found in our experiments. A relative small conformational change in the compaction or tilt of the transmembrane domain would be sufficient to explain the observed changes in the number of annular lipids occurring during activation. Moreover, the fact that the number of lipids exchanged during activation is lower for PMCA2 than for PMCA4 suggest that, during the reaction cycle, PMCA2 suffer a more limited rearrangement among the extreme conformations E 1 A, E 2 and E 1 I, a fact that may be related to its higher basal activity.
During the preparation of the present paper, Sønntag et al. [35] , using low-resolution X-ray crystallography, found evidence that the lipid bilayer and membrane protein suffer a mutual adaptation during conformational changes associated with the transport cycle of SERCA. They conclude that the membrane adjusts to its phospholipidic environment by side-chain rotations and small helix tilt changes. These results are in agreement with the dynamic lipid-protein stoichiometry described in the present paper for PMCA.
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